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Chapter I. Introduction
The importance of selenite in metabolism
The principal dietary forms of selenium (Se) are considered to be the two
seleno amino acids, selenocysteine (SeCYS) and selenomethionine (SeMET), and
the inorganic forms, selenite and selenate.SeMET is a major form of Se in
plants (Olson et al., 1970), while SeCYS occurs in animal proteins as a component
of specific selenoproteins such as glutathione peroxidase that helps prevent
oxidative damage to tissue, similar to vitamin E.Equilibration with 75SeMET
provided in drinking water for seven weeks resulted in 19% of radiolabel in
muscle and 58% of label in liver as SeCYS with the remainder in both tissues as
mostly SeMET (Beilstein and Whanger, 1988).Therefore, meat producing
animals which consume Se as SeMET in plant proteins can convert a substantial
amount to SeCYS.If plants are the principal source of Se for animals and
humans, SeMET could be the major form of Se consumed.
Se is a naturally-occurring element that is commonly found in sedimentary
rock (Fishbein, 1983). During the decomposition of rocks to soils, Se reacts with
oxygen to form selenite and selenate compounds, the most common ones are the2
sodium salts of the Se compounds. Plants readily take up selenite and\ or selenate
from water or soil and convert these inorganic Se forms to organic Se compounds
such as SeMET (Jenkins and Hidiroglou, 1967).Thus, the amounts of Se
contained in most feed and food plants depend on the concentration and biological
availability of Se in the soil and water.Grains, cereals, and meat provide the
majority of the population's daily intake of Se. While many regions of the world
produce feed and food containing adequate Se to meet nutritional needs, some
areas are deficient in Se and plants do not contain enough to prevent Se deficiency
diseases. In parts of the world where the Se levels in natural feedstuffs are low,
animal feeds are generally supplemented with sodium selenite (FDA, 1974). Thus,
selenite is an important dietary form of Se.
Se toxicity has been noted in both animals and humans, but this occurs with
amounts which are much higher (50 - 100 fold) than the levels required to
maintain good nutritional status.The soluble compounds, sodium selenite and
sodium selenate, has been shown to result in Se toxicity in animals (Olson, 1986).
Harr et al. (1967) fed graded doses of Se in the form of sodium selenite to rats
and reported that bones became soft. Se toxicity has been reported in a Chinese
population due to the high environmental levels of Se which caused 50 %
morbidity in the 248 inhabitants (Yang et al., 1983). The most common sign of
the poisoning was loss of hair and changes in nails.In addition, there was the
occurrence of accidental Se poisoning in the United States in 1981 due to errors3
in manufacturing of a Se containing supplement (Helzlsouer et al., 1985). Thus,
selenite has been used extensively in both toxicity studies and as a Se source to
prevent deficiency.
Metabolism of selenite
The route for selenite reduction to selenide has been clearly demonstrated.
Ganther (1971) and Hsieh and Ganther (1975) found that selenite initially reacts
nonenzymatically with glutathione to form a selenotrisulfide derivative (Fig. I-1).
Since glutathione is the most abundant physiological sulthydryl compound, the
reaction to form glutathione selenotrisulfide (GSSeSG) is probably the predominant
physiological reaction of selenite.The selenotrisulfideisthen reduced
nonenzymatically in the presence of sulfhydryl compounds or by glutathione
reductase in the presence of NADPH to a selenopersulfide (GSSeH).The
selenopersulfide isunstable and decomposes to glutathione and Se or is
enzymatically reduced by glutathione reductase in the presence of NADPH to
hydrogen selenide (Ganther, 1971).
Ganther et. al. (1966) first indicated that Se is reductively metabolized by
animals when he demonstrated the formation of dimethyl selenide from selenite by
cell-free preparations from mouse liver. Hsieh and Ganther (1975) proposed that
hydrogen selenide can be methylated by S-adenosylmethionine in the presence of4
Se methyltransferase (Fig. I-1).Trimethyl selenide was identified as a major
metabolites in urine of animals given toxic levels of selenite (Palmer et al., 1968;
Byard, 1969) and dimethyl selenide is exhaled as a gas through the lungs and is
responsible for the "garlic breath" associated with Se toxicity (Nahapetian et al.,
1983). Both methylated compounds are much less toxic than selenite and, thus are
considered detoxification products of selenite or other Se-containing compounds.
The formation of these compounds has been further studied by Hoffman and
McConnell (1987) who identified the sites of methylation as both the cytosol and
endoplasmic reticulum and S-adenosyl methionine as methyl donor.
Se as SeCYS is an integral component of both mammalian selenoenzymes,
glutathione peroxidase and iodothyronine 5'-deiodinase.Cellular glutathione
peroxidase is an enzyme found in most human and animal tissues that is principally
involved in the metabolism and removal of both hydrogen and lipid hydroperoxides
(Rotruck et al., 1973). The deiodinase converts T4 to T3 (Behne et al., 1990).
These findings has established Se as essential nutrient.Progress has been made
in the recognition of several other selenoproteins. These include selenoprotein P
(Burk and Gregory, 1982),formate dehydrogenase ( Zinoni et al., 1986),
phospholipid hydroperoxide glutathione peroxidase (Ursini et al., 1985), glycine
reductase (Cone et al., 1976), selenoprotein W (Vendeland et al., 1993) and
plasma glutathione peroxidse (Takahashi et al., 1987). This progress has been
made possible with the techniques of molecular biology (Sunde, 1990).5
Another important route for selenide metabolism can be as the precusor of
SeCYS which is incorporated in selenoprotein. The numerous Se supplementation
studies using selenite, selenate, and SeMET provided the first indication that a
common intermediate rather than one of these species was used for incorporation
into selenoproteins such as glutathione peroxidase. Hawkes et al. (1985) indicated
that more than 80% of the element in the rat is present in proteins as SeCYS.
However, SeCYS itself does not directly substitute for its sulfur analog, cysteine,
in animal synthesis (Wilhelmsen et al., 1985).Sunde and Hoekstra (1980)
proposed that selenide or metabolically close species was the precursor of SeCYS
used for selenoprotein synthesis. They showed that inorganic forms of Se, such
as selenite or selenide, were more readily incorporated into glutathione peroxidase
than was preformed organic compound, such as SeCYS. Thus, selenite appeared
to be more readily converted than SeCYS to the intermediate precursor, perhaps
selenide, to be used for glutathione peroxidase synthesis.
Several groups have presented results outlining the mechanism of SeCYS
synthesis, and tRNAs anticodon sequence that directly matches the UGA codon in
mRNA.The existence of a tRNA species that possesses an anticodon
complementary to UGA has been shown (Hatfield, 1985). The UGA is one of
three termination codons. UGA in some mRNAs is recognized as encoding
SeCYS whereas in others within the same cell it specifies chain termination.
Chamber and Harrison, (1987) presented evidence on how the cell distinguish6
between these two functions.Studies on the mechanism for recognizing the
appropriate UGA codons and distinguishing them from UGA stop codons is related
to a specific stem-loop formation (Bock et al., 1991).Recently, Berry et al.
(1993) investigated the requirements for SeCYS insertion at single or multiple
UGA codons in eukaryotic selenoproteins.Two functional SeCYS insertion
sequence were identified in the 3' untranslated region of the rat selenoprotein P
mRNA. They postulate mechanisms whereby the stem-loop structures in these
mRNAs interact with components of the translational machinery (selenocysteyl-
tRNA and elongation factor) and possibly with RNA structures or the nascent
protein in the environment of the UGA codon to specifically direct insertion of
SeCYS at this codon. All 64 possible nucleic acid codons have been accounted for
as coding for the 20 known protein amino acids or for termination of translation.
Because of this unique pathway for incorporation into protein, Stadtman (1990)
called SeCYS the 21st amino acid.Thus, selenide as the precursor of SeCYS,
play an important role in selenoprotein synthesis with implication for selenite
metabolism.
Because these potent biological effects, emphasis should be on the metabolic
aspects of selenite for Se absorption and distribution.It has been reported that
absorption and distribution is dependent on the chemical forms of Se as well as the
presence of other interacting substances in the diet (Thomson et al., 1975;
Beilstein and Whanger, 1988). However, the mechanism responsible for intestinal7
absorption of selenite is not clear.McConnell and Cho (1965) reported that
sodium selenite is not absorbed against a concentration gradient in everted gut
sacs, indicating a passive absorption process. A more specific transport process
probably involving reactions with cellular and/or intracellular glutathione and
cysteine was indicated in studies by Anundi et al. (1984) and Wurmli et al. (1989).
Both studies suggested the possible formation of selenotrisulfides of glutathione
and cysteine, resulting in the generation of a concentration gradient. In addition,
Wolffram et al. (1986) found that the extensive binding of 'Se from selenite
occurs in isolated intestinal brush border membranes which is the result of a
reaction with cysteinyl residues of general and membrane proteins. It seems that
the metabolism and absorption of selenite are integrally related to many other
substances including glutathione and cysteine.
Toxicity of selenite
The first interest in physiological aspects of Se came in 1934 with the
discovery that it was the toxic agent responsible for blind staggers and alkali
disease of cattle in the American midwest (Moxon and Rhian, 1943). Se toxicity
again became a major issue in the 1980s with the discovery that irrigation practice
in the Imperial Valley of California produced Se toxicity in birds in the Kesterson
Wildlife Reserve (Marshall, 1985) and the occurrence of accidental Se poisoning8
in humans who took supplements with mistakenly high levels of Se(Helzlsouer et
al., 1985).
The toxicity of Se is dependent upon the chemical form. The mostacutely
toxic Se compounds by the oral route appear to be the soluble compounds,sodium
selenite and sodium selenate. However, elemental Se is less toxicthan most Se
compounds because of its extremely low solubility. This is demonstratedby LD5c,
(lethal dose) of 6,700 mg Se/kg body weight (bw) for oraladministration of
elemental Se in rats (Cummis and Kimura, 1971). Sodium selenite andsodium
selenate exhibit similar toxicities when administered to female rats,but male rats
are lesstolerant of sodium seleniteadministration than sodium selenate
administration (Koller and Exon, 1986; Palmer and Olson, 1974). Therelative
toxicities of sodium selenite and potassium selenite in aqueoussolution were
examined in mice but nonsignificant difference in their toxicities were apparent
(Pletnikova, 1970).
In other studies, experimental animals were given differentlevels of sodium
selenite. Oral LD50 values for the administration of sodium selenite,expressed as
mg Se/kg bw, were 4.8 to 7.0 mg Se/kgin rats, 1.0 mg Se/kg in rabbits, 3.2 to
3.5 mg/kg in mice, and 2.3 mg/kg in guinea pigs (Cumminsand Kimura, 1971;
Pletikova, 1970). Other systemic effects of sodium selenite administerationhave
been reported.Schroeder and Mitchener (1972) reported thatlifetime
administration of sodium selenite in drinking water at levels of 0.31 mgSe/kg/day9
produced amyloidosis of the heart in mice, but the lungs were not affected.
Nelson et al. (1943) reported no effects on the lungs in rats administered 0.5 mg
Se/kg/day for 2 years. Gross necropsy of steers that died from the administration
of sodium selenite exhibited severe gastrointestinal irritation (Maag et al., 1960).
Hepatic effects have also been reported in mules and pigs following administration
of lethal levels of sodium selenite (Miller and Williams, 1940).Despite early
reports that Se was carcinogenic in animals (Nelson et al., 1943; Volgarev and
Tscherkes, 1967), the majority of subsequent studies in humans and animals have
revealed no association between Se intake and the incidence of cancer (Beems,
1986; Menkes et al.., 1986, Thompson and Becci, 1979; Virtamo et al., 1987).
The only Se compound that might be carcinogenic is Se sulfide which was
administered orally to mice and rats (NTP, 1980).
Se toxicity has been assumed to be at least partially due to replacement of
chemically similar sulfur atoms with Se, thus altering the functions of these
biomolecules.For example, when high levels of SeMET are given, it is
incorporated into nascent proteins in place of methionine, a change that could alter
the structure and reactivity of these proteins.Several studies on metabolism of
SeMET in rats have shown that this seleno amino acid is incorporated into muscle
protein (Whanger and Butler, 1988) and that the incorporation is competitive with
dietary methionine (Butler et al., 1989).Even though selenite can also be
incorporated into selenoprotein as SeCYS, other reactions of selenite with protein10
or enzyme can be considered. Ganther and Corcoran (1969) have demonstrated
that enzyme inhibition by selenite results from interaction with the SH groups of
proteins. Several studies have recently supported these interactions (Frenkel and
Falvey, 1989; Islam et al., 1991; Vernie et a., 1975). They have reported that
the SH groups of critical enzymes were unable to react with selenite itself, but
were able to react with added selenotrisulfide.Ganther and Cocoran (1969)
described the most probable reaction of selenotrisulfide (RS-Se-SR) with sulfhydryl
groups of protein. A Se atom is inserted by RS-Se-SR between the thiol groups
of the protein.This reaction could be important in terms of enzyme inhibition
because an enzyme can be inactivated by RS-Se-SG if its active site contains SH
groups.11
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Fig. I-1. Proposed pathway for formation of selenocompounds from selenite
in animals. (Hsieh and Ganther 1975, and Ganther 1971)12
Chapter II. Absorption and Metabolism of Selenite by Vascular ly Perfused
Rat Small Intestine
Abstract
Intestinal absorption and metabolism of selenite in rats were investigated using
a double perfusion system. The double-perfusion technique is an in situ, in vitro
preparation in which the intestinal lumen and its vasculature are perfused
simultaneously. Toxicity of sodium selenite was determined by inhibition of 3 -0-
methyl glucose (3MG) absorption and by histological examination. Levels of 1.2
mM selenite were required to significantly (p < 0.05) reduced 3MG intestinal
absorption (58 ± 11 %, mean ± SD).Cation exchange chromatography were
used to determine the chemical forms of Se from selenite after using luminal
concentrations of 1200 ptIVI in vascular perfusates. The chemical forms present
were selenite, selenodiglutathione (GS-Se-SG), mixed selenoglutathione plus
cysteine (GS-Se-CYS), selenodicysteine (CYS-Se-CYS), protein-bound Se, and
unidentifiedselenocompounds(10%). Selenitewasthepredominant
selenocompound found in vascular perfusate, but protein-bound Se was the
predominant metabolite from selenite present in the vascular effluents. There was
a corresponding increase of all metabolites with increased levels of selenite with
time of absorption, but not with increased concentration of luminal selenite.13
The absorption of selenite by the rat small intestine was investigated by the
quantification of three components of the absorptive process: 1) selenite uptake
from luminal perfusate, 2) selenite retention by intestine and 3) selenite transport
into vascular perfusate. Dose-response curves were obtained when Se transport,
retention and uptake were plotted against the luminal Se concentration.These
curves revealed that 21.02 ± 3.92 % (mean ± SD) of the selenite in the intestinal
perfusate was transported into the vascular perfusate, and 4.75 ± 1.75 % of the
intestinal perfusate selenite was retained by the small intestine. Therefore, a total
of 25.67 ± 4.46 % of the test dose was taken up from the luminal perfusate.
Based on the criterion of saturability, selenite is absorbed by the nonmediated
process of passive diffusion in the vascularly perfused rat small intestine.
However, the percent of Se retained by the intestine show a slight dependency on
the luminal selenite concentration.
It is assumed that selenite is absorbed by passive diffusion in rat small
intestine and that saturation of glutathione, cysteninyl residues of proteins and/or
membranes, results in the saturation of Se retention. Thus, selenite metabolism
may affect selenite absorption by maintaining a concentration gradient of this anion
in the intestine.14
Introduction
Se has been recognized as a toxic element as well as an essential nutrient.
Gross macroscopy of steers that died from the administration of toxic levels of
sodium selenite exhibited severe gastrointestinal irritation (Maag et al., 1960). As
an essential element, Se is a component of glutathione peroxidase (Rotruck et al.,
1973), and has been shown to have anticarcinogenic activity in animals and
possibly in human beings (Combs and Combs, 1986). Among several toxic Se
compounds (Cerwenka and Cooper, 1961), selenite is of particular interest in view
of its application in diverse fields such as chemotherapy and nutritional physiology
(Snodgrass et al., 1981).
Since the metabolic pathway forselenite reduction toselenide was
demonstrated by Painter (1941) and Ganther (1967, 1971), many studies have
focused on itsmetabolic conversion to other Se-containing compounds in
toxicological and nutritional investigations.It has been reported that metabolites
of selenite, especially selenotrisulfide, cause enzyme inhibition of general protein
or critical enzymes as result of interactions with the SH groups of cysteine residues
(Ganther and Corcoran, 1969; Frenkel and Falvey, 1989; Islam et al., 1991). On
the contrary, selenite have been shown to have antiproliferative effects by
interacting with reduced glutathione (Batist, 1988).Poirier and Milner (1983)
have suggested that selenotrisulfide of glutathione (GS-Se-SG) is one of the most15
effective Se compounds in inhibiting the growth of neoplastic cells. The
anticarcinogenic mechanism of selenocompounds is still unknown.
Because these potent biological effects, emphasis should be on the metabolic
conversion of selenite to selenotrisulfide and/or other Se-containing compounds by
tissues.Intestine is the first organ of contact for nutrients and xenobiotics in the
body.Other organs, especially liver and erythrocytes are the major site of
metabolism of selenite (Beilstein and Whanger, 1986a,b), but the contribution of
intestinal metabolism of selenite has not been fully assessed. It has been reported
that absorption and distribution is largely dependent on the chemical form of Se
as well as the presence of other interacting substances in the diet (Thomson et al.,
1975; Beilstein and Whanger, 1988). Surprisingly, there has been no reports of
studies on metabolism of selenite by the intestine.
McConnell and Cho (1965) reported that sodium selenite is not absorbed
against a concentration gradient in everted gut sacs, indicating a passive absorption
process. A more specific transport process probably involving reactions with
cellular and/or intracellular glutathione and cysteine was indicated in studies by
Anundi et al. (1984), Wolffram et al. (1988), Wurmli et al. (1989) and Vendeland
et al. (1992b). In addition, Wurmli et al. (1989) presented work on the possible
formation of selenotrisulfides of glutathione and cysteine, resulting in the
generation of a concentration gradient. Further, Wolffram et al. (1986) found that
the extensive binding of 'Se from selenite occurs in isolated intestinal brush16
border membranes, resulting froma reaction with cysteinyl residues of general and
membrane proteins.
The mechanism responsibleforintestinalabsorption of seleniteis
controversial.However, it is hypothesized that the intestinal metabolism and
absorption are integrally related to other compounds including glutathione and
cysteine. It is reported that cellular components of bloodare extensivly involved
in Se metabolism (Beilstein and Whanger, 1986b; McMurray and Davidson,
1979).The present experiments were performed to investigate intestinal
metabolism of low to subtoxic levels of selenite in the rat by using an in vivo
double perfusion technique which prevents any metabolism of selenite by cellular
components of the blood. The toxic level of selenite in the rat small intestine was
determined by inhibition of 3MG transport and by histologic examination.
Futhermore, the absorption mechanism of selenite was studied and the influence
of intestinal metabolism of selenite on its absorption was investigated.17
Materials and methods
Attempts to understand the metabolism and absorption of intestine in vivo
should use preparations which, as near as possible, emulate the intact intestine.
The double-perfusion technique is an in situ, in vitro preparation in which the
intestinal lumen and its vasculature are perfused simutaneously. The vascularly-
and luminally-perfused intestine serve this purpose.
Animals and diets
Sprague-Dawley rats (purchased from Bantin & Kingman Inc., Fremont, CA)
with a body weight of 250 ± 10 g were used for all experiments. The animals
were fed a commercial rat chow.
Perfusion solutions and surgical method
The perfusion solutions for lumen and vasculature were similar to that
described by Dowling et al. (1989). The basic vascular perfusate consisted of a
standard Krebs-Ringer bicarbonate buffer (KRB) containing 5% horse serum, 6%
high molecular weight (70,000-90,000 daltons) dextran (Gibco, Grand Island,
N.Y.), 0.1% glucose, and 0.15% dexmethasone. Dextran was used as a substitute18
for plasma albumin in order to maintain the colloidal osmoticpressure of the
vascular perfusate (Dowling et al., 1989). The hormone, 0.15 % dexamethasone,
was added in physiological concentrations directly to the KRB solution. However,
0.2 µM norepinephrine was infused via a syringe pump into the vascular circuit
and the arterial pressure was maintained within the physiological range of 60-80
mm Hg to prevent intestinal hypermotility. For 1 hr prior to and throughout the
perfusion, the vascular perfusate was gassed with a mixture of 95 % 02:5 % CO2,
warmed to 37°C and stirred to ensure complete saturation with oxygen. Just before
the start of surgery, the solution was titrated to pH of 7.4. The lumen of the
intestine was perfused with a solution containing 154 mM NaCl, 5 mM HEPES
(N-2 hydroxyethylpiperazine-N 1 -2 ethane sulfonic acid), 5 mM glucose, and 6
mM glutamine at pH 7.0.Inorganic sodium selenite was added to the luminal
perfusate to obtain the desired selenite concentrations. In experiments involving
radioactivity, 2-5 pCi of carrier free 'Se as selenite was used in the absorption
studies, and [14C] 3-0-methyl glucose (3MG) were added to the luminal perfusate
1 hr prior to use in the studies on effects of selenite on its absorption:
Diagramatic representation of double-perfusion of rat small intestine is shown
in Fig. II-1. The perfusion apparatus consisted of two circuits, one supplying the
vascular bed and the other supplying the intestinal lumen (Fig. II-1). The surgical
procedure was a modification of those described by Porteous et al. (1984), Parsons
and Prichard (1968), Smith et al. (1978), Steel and Cousins (1985), and Dowling19
et al. (1989). Rats were anaesthetized with sodium pentobarbital ( 80 mg/kg body
weight) intramuscular injection. The abdomen was opened and the bulk of the
intestinal tract was gently exteriorized and covered with gauze soaked in saline
(0.9% NaC!, w/v) at 37°C.The celiac artery was isolated and ligated,
approximately 1.5 mm from its juction with the abdominal aorta. The right and
middle colic arteries and veins were isolated and ligated. Loose ligatures were
placed around the abdominal aorta, both cranial and caudal to the origin of the
superior mesenteric artery. In addition, a loose tie was paced around the superior
mesenteric artery 1 to 3 mm from the abdominal aorta. After the cranial tie was
secured, a slit was made in the wall of the abdominal aorta and the cannula
inserted where it was secured. Flow of the vascular perfusate was immedietely
begun at a rate of 7.5 ml/min. and the caudal ligature secured. The portal vein
was cannulated for collection of the venous effluent.
The apparatus, perfusion solutions and intestine were maintained at 37°C
during the entire isolation and perfusion procedure. A 95% 02 : 5% CO2 mixture
was used to force the vascular perfusate from the reservoir through a sponge
rubber mesh filter into a peristaltic pump. The pulsed perfusate was then passed
through a bubble trap.Arterial pressure was measured at the block with an
pressure gauge, and was corrected for the resistance of the tubing between the
guage and the tip of the arterial cannula. Arterial pressure was maintained at 40
to 100 mm Hg and venous pressure at 150 to 160 mm Hg. Both the superior20
mesenteric artery and the portal vein were cannulated with polyethylene tubing
(0.186 mm i.d., 1.27 mm o.d.). The vascular perfusate was collected in fractions
( approx. 6.0 ml) from the venous cannulation at 2 minute intervals and was not
recirculated.
The distal ileum, proximal to the ileocolic valve was secured by a ligature and
a second loose tie was placed around the ileum approximately 5 mm from the first
tie. Then an incision was cannulated through the sphincter and secured 1 to 3 mm
into the duodenum. The intestine was also cannulated proximal to the ileocolic
valve to facilitate the recovery of the luminal perfusate.
Upon completion of the surgical isolation of the organ, 8.0 ml of luminal
perfusate was rapidly infused into the lumen to fill the intestine.Thereafter,
perfusate containing radioactivity was infused by a syringe pump at a rate of 0.39
ml/minute for 20 minutes followed by a rate of 0.10 ml/minute for the remainder
of the experiment. Perfusion of the vasculature that supplies the small intestine
was completed with an inflow cannula at the superior mesenteric artery and an
outflow cannula at the portal vein. Through a small abdominal incision, the portal
vein was isolated and two loose ties placed around it.Through two slits in the
portal vein, cannulations were made resulting in a 2 to 3 mm bypass. The free
ends of the tubing were connected to a valve in such a way that sample vascular
perfusate could be drawn from the portal cannula just after it had passed through
the intestinal mesentery. Using this procedure samples (6 ml) were taken every21
2 minutes for 60 minutes and theappearance of 'Se in the vascular perfusate was
measured.
Tests of intestinal absorption, and estimation of the subtoxic level by 3MG
transport
The function of perfused rat intestine was tested by using different
concentrations of 3MG in luminal and vascular perfusate, the drug, phloridzin, and
histological examination.The influence of subtoxic levels of selenite on the
intestinal transport of the non-metabolizable glucose analogue, 3MG, was
investigated.Thiswas estimated by measuringinhibition by various
concentrations of selenite on 3MG transport when 2 mM of 3MG was added to the
luminal perfusate and 5 mM 3MG to the vascular perfusate.
Dose and time sequence of the perfusions
At the time radioactive intestinal perfusate entered the duodenum was
considered the initial time.Beginning at this time, all of the vascular effluent
from the portal vein cannula was collected continuously at 2-min intervals into
glass tubes.The lumen of the intestinewas perfused with the radioactive
intestinal perfusate for 60 min, followed by rinsing with nonradioactive luminal
perfusate plus air to remove 'Se from the luminal perfusate.When both22
perfusions were stopped, the intestine was quickly removed, and dried at 100°C
for 24 hr. Luminal effluents and washing solutions were also collected.
Detection of metabolites from selenite
Absorption and metabolism using selenite concentrations of 1-200 AM in the
intestinal perfusate (dose) was studied in a series of trials. One hour before the
start of perfusion, selenite was added to the intestinal perfusate which contained
2-5 ACi of 'Se (obtained from the University of Missouri). 'Se activity in the 30
samples of vascular perfusate and the dried intestinal segments was measured with
a Beckman Gamma 8000 gamma counter.
Fractions 2, 5, 15 of the vascular efflunts were chromatographed on Dionex
DC6A columns as described by Beilstein and Whanger (1988) to determine the
metabolites of selenite labeled with "Se. Trichloroacetic acid (TCA) was added
to a final concentration of 5 % to precipitate the protein in 2 mis from fractions
2, 5, 15 from the vascular effluents. After centrifugation for 20 min at 3,200 x
g in Sorvall RC 2-B, the precipitate was considered protein bound and that in the
supernatant as nonprotein radiolabel. The radioactivity of each supernatant and
precipitate was counted for 5 min in the gamma counter. The chemical forms of
Se were determined in the supernatant fraction.Fractions of TCA supernatants
were filtered through a 0.22 AM filter prior to loading on the amino acid analysis23
column.Column elutants were collected in 80 1.0 minute fractions of
approximately1 ml and counted in the Gamma counter.Prior to TCA
precipitation of protein, 0.1 M fl-mercaptoethanol (13 -ME) was added to duplicate
samples to determine radioactivity loosely bound to protein, presumed to be bound
as selenide-sulfide bonds. The differences in radioactivity between samples with
and without 13-ME treatment was considered the loosely protein-bound fraction.
The portion of radiolabel precipitated in the presence of fi-ME was considered
strongly protein-bound.
Standards of "Se-labeled selenotrisulfides of glutathione and cysteine were
prepared by adding "Se-labeled selenite with the sulfhydryl compounds at a 2:1
stochiometric ratio of sulfhydryls to selenite. These standards were diluted in 5 %
TCA and chromatographed for comparisions with the supernatants from the TCA
vascular effluent fractions.
Absorption mechanism and intestinal metabolic effects
The mechanism of the intestinal aborption of sodium selenite was investigated
using a slight modification of Dowling et al. (1989). Three components of the
absorptive pathway was classfied and quantified: 1) 'Se uptake from the intestinal
lumen, 2) 75Se transport into the circulation and 3) "Se retention by the mucosa.
This study was done simultaneuously with the selenite metabolism.24
Statistical analysis
Statistical analyses were performed by linear regression for the dose-response
curves from the studies of intestinal absorption (STSC Institute, Rockville, ML.),
The values were expressed as the means ± SD (standard error). Multiple t -tests
and analysis of variance were used to statistically analyze the other data.25
Results
3MG absorption, and ECK, seleniteon its absorption
Different levels of 3MG were used to investigate whether this compound
crosses the intestine against a concentration gradient. Levels of 2 mM of 3 MG
in the luminal perfusate and 5 mM in the vascular perfusatewere used. The
percentage of luminal 3MG transported into vascular effluents was compared to
the percentage of this compound transported with 1 mM in luminal perfusate but
none in the vascular perfusate. There was no difference in percentage absorption
of 3MG in the vascular effluents at the different concentrations of the luminal and
vascular perfusate (P < 0.001). About 30 % of 3MG was absorbed with all levels
from the intestinal lumen (Table II-1).
The ability of the vascularly perfused intestine to absorb 3MG was tested in
the presence of phloridzin (phloretin-2'(3-glucoside), an inhibitor of glucose
transport. A slight modification of the procedure of Smith et al. (1978) was used
for this investigation. '4C-3MG (from Sigma Chemical Comp.) was infused and
the radioactivity measured by liquid scintillation counter. Two different syringes
were changed manually containing either 3MG or 3MG plus phloridzin in these
experiments. 3MG absorption (2 mM 3MG in the luminal perfusate and 5 mM
3MG in the vascular perfusate) was reduced by 42.8 ± 13 % (mean ± SD) in the26
presence of phloridzin, but was again increased by 19.4 ± 6.2 % after the
removal of phloridzin (Fig.11-2).This demonstrated that this intestinal
preparation was capable of active transport.
Upon histological examination by light microscopy, the intestinal tissue
showed no signs of edema, necrosis or structural damage following 60 mM of
vascular perfusion (Fig. 11-3)
The level of selenite required to inhibit the transport of 50 % of 3MG was
calculated and called EC(effective concentration)50 (Fig. II-4). The percentage of
3MG transported in the vascular effluent is 29.5 ± 1.3 in the absence of selenite
in the luminal perfusate. When 0.5, 1.0 and 2.0 mM of sodium selenite were
added, the ECK, of selenite on 3MG transport inhibition is approximately 1.2 mM.
However, there was no statistically significant difference in inhibition by 0.5 mM
selenite in vascular perfusate as compared to control group (P > 0.05).
Fig. 11-5 shows a light micrograph of the small intestinal tissue (from ileum)
following 60 minute of vascular perfusion with 2 mM selenite. This histological
examination reveals no signs of edema, necrosis or structural damage.
Time course of selenite transport
The transport of 'Se with various levels of selenite from the luminal to the
vascular perfusate as a function of perfusion time is shown in Fig. 11-6, 7.In27
these experiments, 'Se appearance in the vascular perfusate is definedas Se
transported.Each line is the average from three individual rats, perfused ata
luminal selenite concentration of 1 and 10 AM (shown in Fig. 11-6)or 50, 100,
and 200 ktIvl (Fig. 11-7). Appearance of radiolabeled-Se in the perfusate reached
a steady state after 10 - 20 min.However, at all Se concentrationsthe
radiolabeled Se in the vascular perfusate begun to decrease slightly at 40-60 min.
The transport of luminal 'Se at all concentrations is equal toan average of 21.02
± 3.92 %.
Chemical forms in the vascular perfusate by intestinal metabolism of sodium
selenite
Fig. 11-8 shows the chromatograms of the reaction mixture of glutathione and
cysteine with sodium selenite indicating the elution positions of selenite, GSSeSG,
CYS-Se-SG, and CYS-Se-CYS.The elution position of each of these
selenocompounds was established by chromatography of each individual
compound.These results were compared to metabolites from selenite in the
vascular perfusate after intestinal perfusion of selenite.
Fractions 2, 5 and 15 of the vascular effluents at all concentrations of selenite
were chromatographed on the amino acid analysis column. These fractions were
selected to investigate the difference in selenite metabolism at different absorption
states; fraction 2 from initial rate of uptake, fraction 5 at the starting point of28
steady-state, and fraction 15 from steady-state absorption (See Fig. II-6, 7).
Shown for example are the chromatographic patterns of fraction 15 of the vascular
effluents from rat intestine perfused with luminal perfusate- containing 10 FM
selenite (Fig. 11-9).Intact selenite was detected as the predominant form in all
fractions with various concentrations of this selenocompound.
Figures II-10 to 11-14 show the results with concentrations of 1- 200 AM
selenite.The identified metabolites from the cation exchange columns were
selenite, GS-Se-SG, GS-Se-CYS, and CYS-Se-CYS.The amount of each
metabolite in fractions of each concentration is not very consistent. Selenite is the
predominant chemical form of Se at all concentrations in the vascular effluents.
Among metabolites from selenite, protein-bound Se (P-bound Se) was the
predominant form present in the vascular effluents.
There was a corresponding increase of all metabolites with increased levels
of selenite and absorption time. This is presumably due to the increased amount
of selenite available to be metabolized in the intestinal epithelial cells. Steady-state
of absorptionrepresentsa more stablecondition.The percentage of
selenocompounds from selenite at fraction 15 of the various luminal selenite
concentrations used is shown in Fig. 11-15. The percentage of free selenite ranged
from 49 to 90 %.The other compounds were less than 25 %.The lowest
percentage of free selenite (49 %) was found in perfusate where 10 JIM of this
compound was used. At concentrations of 50 AM or greater there is less (15 %29
and below) selenocompounds detected in the vascular effluents than at lower
concentrations (35 and 50 %) of luminal selenite (1 and 10 AM). There is an
inverse relationship in the percentage of GS-Se-GS with increased concentration
of luminal selenite. Fig. 11-16 shows the total amount of selenocompounds from
selenite in fraction 15 at all concentrations. A plateau was reached between 100
and 200 I.LM, indicating that metabolism of selenite is saturable.
More 'Se was detected as protein-bound than as any other form (Fig. 11-17).
The compound, a-ME, was used to determine the selenotrisulfide bonds in proteins
from fraction 15 at all selenite concentrations. There was a corresponding slight
increase of selenotrisulfide with each increase of selenite.However, the total
amount of protein-bound Se increasedat a greater rate with increasing
concentrations of selenite.
Transport and retention, uptake of sodium selenite
This double-perfusion technique was used to investigate the mechanisms of
selenite transport from the intestinal lumen to the blood. The work focused on the
intestinal mechanism of selenite transport and the metabolic factors affecting the
transport of sodium selenite across the small intestinal epithelium.
The results presented in fig. 11-18-A, B show the dose-response curves for
selenite transport at 4 min (See Fig. 11-6, 7: time-course of selenite transport) at30
the initial rate of selenite absorption. The graphs depict the total amount of Se
transported in nmol Se/min/g dry weight (Fig. II-18-A) and percentages (Fig. II-
18-B) into the vascular perfusate (response) with the various luminal Se
concentrations tested (dose). There is a significant positive correlation (r2 = 0.97,
P < 0.0001) between nmol Se/min/g dry wt transported and luminal Se
concentration (slope = 0.057 ± 0.002 %). In Fig. II-18-B, there is no slope and
the percentage of luminal Se transported is equal to 0.49 ± 0.12%. The statistical
parameters, r2 = 0.94 and P = 0.73, indicate that the percentage transported is
not affected by concentration of selenite.
The dose-response curves for three components of the absorptive pathway,
classified as transport, retention, and uptake are illustrated in Fig. 11-19 to 11-21.
The total amount and the percentage transported into 30 fractions of the vascular
effluents at the various luminal selenite concentrations is shown in Fig. II-19-A
and II-19-B. In Fig. 11-19-A, the slope of the line is 6.31 ± 0.2 and there is a
very strong correlation(r2 = 0.98, P < 0.00001) between luminal Se
concentration and nmole Se transported/g dry wt. In Fig. II-19-B, the slope of the
line is0.013 ± 0.014, but this slightly negative slope was insignificant (r2 =
0.06, p = 0.39).The average percentage of Se transported into the vascular
effluent is 21.02 ± 3.92 % of the luminal selenite concentration.
Se retained by the entire small intestine is shown in Fig. II-20-A and II-20-B.
Retained Se refers to the Se that remained in the perfused small intestine after31
rinsing. In Fig. II-20-A, the slope of the line is 0.86 ± 0.06. A correlation (r2
= 0.94, P < 0.0001) is evident between luminal Se concentration and the amount
of retained Se. However, in Fig. II-20-B, the slope of the line is negative,- 0.011
± 0.004. In addition, an r2 of 0.34 (p = 0.022) suggests that there is a slightly
negativeslope between the precentage of Se retained and the luminal
concentrations. Thus, the percentage of Se retained by the intestine is dependent
on the luminal selenite concentration. The average percentage of Se retained by
small intestine is 4.75 ± 1.75 % of the luminal selenite concentration.
Se uptake from the intestinal perfusate is the sum of the Se transported into
the vascular effluent and the Se retained by the small intestine. In Fig. II-21-A,
Se uptake (nmol/g dry wt) is equal to the slope (7.17 ± 0.2) multiplied by the
luminal Se concentration. A very strong correlation (r2 = 0.99, P < 0.00001)
exists between Se uptake and the luminal selenite concentration. In Fig. II-21-B,
however, the slope is slightly negative,- 0.024 ±0.014, but a e of 0.19 (P =
0.1) indicates that there is no correlation between Se uptake (%) and the luminal
selenite concentration. A total of 25.67 ± 4.46 % of the test dose was taken up
from the luminal perfusate.32
Discussion
The relatively large mass of the intestinal tract provides additional significance
to its metabolic roles in the homeostasis of the organism as a whole. The double-
perfusion technique used in this study, in which the isolated rat intestine is
perfused in situ, has the advantage of eliminating the possible metabolism of
selenite by other organs or the circulatory system other than the intestine. This
work provides information on the effects of subtoxic level and metabolism of
selenite in the rat intestine.
Subtoxic level and metabolism of sodium selenite
EC50 of sodium selenite for 3MG transport inhibition was 1.2 mM in the
luminal perfusate. At this level there was no edema or structural damage in the
intestine after 1 hr perfusion.These results demonstrate that the perfused rat
intestine has a high tolerance to elevated levels of sodium selenite. A few studies
of acute toxicity on Se compounds have been investigated in vivo. Cummins and
Kimura (1971) and Pletnikova (1970) reported that oral LD50 values for the
administration of sodium selenite were 4.8 to 7.0 mg Se/kg body weight in rats.
However, feeding lower levels of up to 0.50 mg Se/kg/day as Se-containing
corn or wheat to rats for most of their lives did not produce any gastrointestinal33
effects (Nelson et al., 1943).
In the current study, high doses of selenite treatment caused toxicologic
effects on other biological systemsafter intestinal transport into the vascular
system rather than on the intestine itself. Our work indicates that LD50 of selenite
in isolated rat hepatocytes is about 500 izM, three times less than EC50 of selenite
inhibition of 3MG transport in perfused rat intestine.Interestingly, there is no
statistical significant difference in 3MG-transport rate between control and rats
infused with 0.5 mM selenite (P > 0.05).
After intestinal absorption of selenite, the present study indicates that the
predominant chemical form was intact selenite, ranging from 55 to 90 % for all
concentrations of the luminal perfusate.The predominance of selenite in the
vascular perfusate might be due to the limited ability to metabolize selenite inside
epithelial cells.A few studies indicated that the mechanism responsible for
selenite absorption is a passive diffusion system in rat intestine (McConnell and
Cho, 1965; Humaloja and Mykkanen, 1986).The main routes for a passive
diffusion system have been known as aqueous channels or pores through the lipid
bilayers of plasma membrane and tight junctions acting as paracellular shunts
(Wright and Pietras, 1974; Fromter and Diamond, 1972).It is reasonable to
speculatethatlessphysiologicalreaction of selenite would occur both
enzymatically and nonenzymatically during paracellular shunts than through
intracellural transport if selenite absorption depends on an active transport system.34
Thus, it is considered that the absorptionprocess and chemical form of Se were
a significant factor affecting the intestinal metabolism of Se.
Selenite metabolism by the intestine showed saturable dependency on
concentration in the lumen (Fig. 11-15). On a percentage basis, the total amount
of compounds (such as GS-Se-SG, CYS-Se-SG, CYS-Se-CYS and protein-bound
Se) was highest for 10 AM selenite in the small intestine.This total was about
50 % for 10 AM selenite as compared to 35 % for 1 AM selenite. The percentage
of metabolites from selenite was much less for the other concentrations used.
Ganther and coworkers have described a reduction pathway for selenite leading
to selenide formation (see Fig. I-1).Selenite is spontaneously reduced by thiols
(RSH), resulting in the generation of selenotrisulfides (RSSeSR) (Ganther, 1968).
Biological sulfhydryl compounds, including glutathione, cysteine and protein
cysteinyl residues are suitable reactants for formation of selenotrisulfides.
We identified by chromatography the selenotrisulfides of glutathione (GS-Se-
SG) and cysteine (CYS-Se-CYS) in the vascular effluent. More GS-Se-SG was
formed than the other selenocompounds. Smaller amounts of GS-Se-CYS and
CYS-Se-CYS were detected in the vascular perfusate. However, CYS-Se-CYS
wasalmost undetectable, especiallybefore the steady state of absorption of
selenite in the perfused intestine.The usual first step in the intracellular
metabolism of exogenous selenite is its chemical reaction with glutathione to form
selenotrisulfide (Ganther,1986).Since glutathione isthe most abundant35
physiological sulfhydryl compound,more selenite would be expected to react to
form selenotrisulfide of glutathione in the vascular effluent than with cysteine.
Frenkel et al. (1991) reported selenotrisulfide of cysteine was undetected in He La
cells.However, when the level of cellular glutathione was reduced by BSO
(buthionine sulfoximine which is inhibitor of glutathione synthesis), reaction of
selenite with cysteine then occurred.These studies are consistent with our
experiments because the percentage of GS-Se-SG decreased with increased
concentration of luminal selenite (Fig. II-15).Other results of this experiment
showed that the amount of GS-Se-CYS increased with time with luminal
concentrations of selenite of 1 and 10 mM, but this increase did not occur with
CYS-Se-CYS. This may be due to greater retention of selenite, and thus greater
depletion of glutathione with increased selenite in the epithelial cells of intestine.
The formation of various selenotrisulfides probably depends on the relative
concentrations of these two sulfhydryl compounds.
Reduction of the selenotrisulfide with nicotinamide adenine dinucleo
phosphate (NADPH) results in the formation of reduced glutathione and a
selenopersulfide (Hsieh and Ganther 1975), but selenopersulfide was not identified
by the chromatographic analysis in the present study. This is expected because the
selenopersulfide is unstable and easily decomposes to glutathione and Se, or is
easily reduced by glutathione reductase to hydrogen selenide (Ganther, 1971;
Hsieh et al., 1975)36
Our results show that approximately 10- 25 %of the luminal Se was detected
in a protein-bound form, the predominant form from selenite in the small intestine.
Ilian and Whanger (1989) reported that 'Se-selenite is rapidly takenup by
erythrocytes and subsequently released into the plasma in a protein-bound form.
Several studies on metabolism of SeMET in rats have shown that this seleno
amino acid is incorporated into muscle protein (Deagen et al., 1987; Beilstein and
Whanger, 1988).The incorporation is competitive with dietary methionine
(Waschulewski and Sunde, 1987).In contrast to SeMET, SeCYS does not
substitute for its sulfur analog, cysteine, in animal protein synthesis (Wilhelmsen
et al., 1985).SeCYS occurs in animal proteins as a component of specific
selenoproteins, and not through misincorporation for cysteine. Even though Se
from selenite can be incorporated into selenoprotein as SeCYS, other reactions for
protein-bound Se can also be considered. Protein cysteinyl residues are suitable
reactants for formation of protein-bound Se. Ganther and Corcoran (1969) have
demonstrated that enzyme inhibition by selenite results from interaction with the
SH group of cysteine residues. Many studies have recently reported results due
to these types of interactions (Vernie et al., 1975; Frenkel et al., 1989; Islam et
al., 1991).
The protein-bound Se was identified as selenotrisulfides by the addition of 13-
ME which replace the Se from this compounds (loosely protein-bound Se). The
amount of selenotrisulfides in protein-bound Se was not greatly influenced by the37
luminal concentration of selenite. Even though the amount of selenotrisulfidewas
nearly constant, the amount of protein-bound Se increased with the luminal
concentration of selenite.Ganther and Cocoran (1969) described the most
probable reaction in which a Se atom from GS-Se-SG is inserted between thiol
groups of the protein,
SH SR S . .. . . , S. . . .
protein +Se > protein Se + 2 RSH
% %,
SH SR S
This reaction can explain the selenotrisulfide formation of protein-bound Se in the
vascular perfusate of perfused rat small intestine.The low relationship of
selenotrisulfide formation to the luminal concentrations of selenite may be due to
the limited availability of SH groups of protein in the vascular perfusate.
Formation of selenotrisulfide was already saturated at the lowest concentration of
selenite used in the luminal perfusate (Fig. 11-16).
It is important to identify chemical forms of protein-bound Se because
enzymes with active sites containing SH groups can be inactivated by GS-Se-SG.
We did not identify the chemical form of strongly protein-bound Se (not replaced
by fl-ME) in the vascular perfusate. Ganther et al. (1969) and Shamberger et al.
(1985) described the decomposition of GS-Se-SG by glutathione reductase to38
produce selenide.Selenide may bind to cysteinyl residues of protein instead to
form selenotrisulfides in protein.
Intestinal absorption of selenite and its metabolism
The experimental design of this study was based on a chromium absorption
study by Dowling et al. (1989), using the double perfusion system. We used the
criterion of saturability to examine mechanisms of intestinal absorption of selenite.
Saturation is recognized as a decreased percentage of absorption with increasing
luminal selenite concentration.Thus, dependence of selenite absorption on a
carrier-mediated transport system or passive diffusion in the rat small intestine was
determined by the slope values of the dose-response study presented as
percentages.
Selenite transport was measured at one time point taken as early as possible
in order to approximate the true initial rate conditions.Linear transport was
observed at this point (see Fig. II-6, 7).This might reduce the error due to
saturation of the transport system, and the direct toxic effect on the membrane by
high concentrations of selenite.Using initial rate of transport, Mykkanen and
Wasserman (1989) showed the rapid saturability of selenite uptake by brush border
membrane vesicles from chicks. In our study, initial rate of selenite transport (2-4
min) showed a linear dependence on concentration in luminal perfusate.When39
the Se absorption data were transposed from nmol Se/g dry wt to percentage of the
luminal selenite concentration, the slopewas not negative with the concentrations
of selenite used, indicating saturabilty was not reached in our studies. In a view
of initial transport rates, the absorption of selenite by the rat small intestinewas
by a non-carrier mediated process.
McConnell and Cho (1965) reported that sodium selenite is not absorbed in
everted gut sacs against the concentration gradient, indicating a passive absorption
process. A more specific transport process probably involving reactions with
cellular and/or intracellular glutathione and cysteine was indicated in studies by
Anundi et al. (1984) and Wurmli et al. (1989).
The dose-response curves for three components of the absorptive pathway are
shown in fig. 11-19 to 21. The dose-response study was used to determine whether
or not Se is absorbed by a carrier-mediated transport system in the rat small
intestine.There were statistically significant (P < 0.0001 ) linear correlations
between Se transport, retention and uptake, and the luminal selenite concentration.
When the absorption data are expressed as percentage, none of the slopes were
negative except the dose-response curve for intestinal retention.This data
indicated that Se retention by the mucosa reached saturation, but Se transport into
the vascular perfusate did not reach saturation with the concentrations used.
Anundi et al.(1984) reported that incubation of isolated rat intestinal
epithelial cells with selenite result in a rapid decrease of intracellular glutathione,40
but addition of exogenous glutathione enhanced cellular accumulation of selenite.
Wurmli et al. (1989) indicated that cysteine stimulated selenite absorption by small
intestine from sheep. These data suggest that increased absorption of selenite by
glutathioneor cysteine resulted in the possible formation of selenotrisulfides,
which are absorbed more rapidly than selenite (Vendeland et al., 1992a).In our
experiments, there were selenotrisulfides and protein-bound Se detected as the
metabolism of selenite. From 10 to 50 % of the luminal selenite was converted to
other forms but the percentage metabolized was reduced with increased
concentrations of selenite (Fig. 11-15).Fig. 11-16 shows thatmetabolism of
selenite-derived Se reached saturation.This may result in the saturation of Se
retention (on a % basis) in the intestine. This might be explained by the limited
concentration of intracellular glutathione and protein cysteinyl residues to form
selnotrisulfides, especially athigh concentrations of luminal selenite.This
depletion is supported by the reduced percentage of GS-Se-SG with increased
concentration of luminal selenite (Fig. 11-15).
Se bound to protein cysteinyl residues could probably be more responsible for
the retention of Se (on a % basis) in small intestine than selenotrisulfides of
glutathione or cysteine because selenotrisulfides formed in the ephithelial cells
and/or the lumen are transported across intestine by active transport (Anundi et al.,
1984). Wolffram et al. (1986) found that extensive binding of 'Se from selenite
occurs in isolated intestinal brush border membrane.Thus, the saturation of41
protein cysteinyl residues may bean important factor for the limitation of Se
retention by small intestine. The binding of Se from selenite might be the result
of a reaction with cysteinyl residues of general and membrane proteins.
Even though there was a slight decrease (on a % basis) at high concentrations
(statistically insignificant), Se transported into the vascular perfusate was not
saturated by any selenite concentration of the luminal perfusate. The percentage
of Se taken up from the intestinal perfusate, the sum of the Se transported into the
vascular perfusate and Se retained by the small intestine did not reach saturation.
Thus, the saturation of percentage retention of Se in small intestine appears to have
no affect on the total percentage of Se absorbed on the vascular perfusate. This
could be explained by the inter and intracellular formation of selenotrisulfides
which produce a high concentration gradient of the intact selenite between
compartments, and by the active transport of selenotrisulfide (Anundi et al., 1984).
Humaloja and Mykkanen (1986) reported that increasing the stable selenite
concentration slightly reduced the percentage of 'Se-selenite transported from the
intestinal lumen to the body. Their explanations for these findings focused on the
dependency of selenite on a carrier transport system, and the toxic effects to the
intestine at high concentrations of selenite. In the present expriments, there was
a slight decrease in percentage of Se uptake by the small intestine at high
concentrations of selenite in the lumen (from 28.1 as 24.3 %), but it was not
statistically significant. Our data indicated that the slight decrease could be the42
result of depletion of the intracellular SH groups and glutathione. Our histologic
examination did not show any structural damage on the intestine after 60 min of
perfusion with 2 mM sodium selenite, indicating the decrease of selenite transport
was not due to tissue damage.
In summary, in spite of the useage of selenite as a nutrient and as a toxicant,
there has surprisingly been little work of its absorption by the intestine. Recently,
a few studies have reported on the factors affecting intestinal absorption of
selenite. We conclude that sodium selenite is absorbed by passive diffusion in
perfused rat small intestine and that limitation of glutathione, cysteninyl residues
of proteins and/or membranes, results in the saturation of Se retention.Selenite
metabolism may affect its absorption by maintaining a concentration gradient of
selenite in the intestine.
3MG concentrations Total % of transported
into vascular effluent
1 mM in LP 30.4 ± 0.9%
2 mM in LP, 5 mM in VP 29.1 ± 1.2%
Table II-1. Comparision of 3MG transport at two different concentrations.
There is no difference of 3MG absorption in the vascular effluents when the
different concentrations of 3MG were added to the luminal and vascular perfusate
(p > 0.001). Values represent mean ± SD of 3 determinations.Mouth
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Fig. II-1. Diagram of rat small intestine double-perfusion5.00
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Fig. II-2. The effect of phloridzin on [14C] 3MG transport. The ability of the
vascularly perfused intestine to absorb 3MG was tested in the presence of
phloridzin. After 20 min perfusion with only 3MG, 0.5 mM phloridzin was added
to the luminal perfusate containing 2mM 3MG. After another 20 min perfusion,
the phloridzin was removed. Values given are averages for two rats.45
Fig. 11-3. Photomicrographes of duodenum by longitudinal section showing
mucosa with villi (after 60 min of perfusion with 3MG). Structural damage was
not shown in these tissue. Magnification, x 250.100
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Fig. 11-4. Selenite inhibition of 3MG transport. Following 1 hr of perfusion,
the relative transport of 3 MG in thepresence of 0.5, 1.0 and 2.0 mM selenite
was compared to the amount transported by controls. The EC50value was
calculated where 50 % of the transport of 3MGwas inhibited by selenite.
Averages (triangles) are from experimental values (open circles).47
Fig. 11-5. Photomicrographs of duodenum after 1 hr perfusion with 2 mM
selenite. No structural damage was identified by longitudinal section showing
mucosa with villi.Magnification, x 250.0
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Fig. II-6.Time course of selenite transport with intestinal preparations
perfused at luminal selenite concentrations of 1 and 10 gM. Data points
represent the mean ± SD of three preparations.0 20 40
Perfusion time (min)
60 80
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Fig. 11-7.Time course of selenite transport with intestinal preparations
perfused at luminal selenite concentrations of 50, 100 and 200µM. Data points
represent the mean ± SD of two preparations for those using 200 p.M, and of
three preparations those using 50 and 100 M.10.00
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Fig. 11-8. Chromatography of the reaction mixture of glutathione and cysteine
with "Se-selenite.Sodium selenite (0.6 mM) was combined with reduced
glutathione (1.2 mM) and cysteine (1.2 mM) in 10% TCA and chromatographed
on Dionex DC6A column.1400
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Fig. 11-9.Chromatography of vascular effluent.This pattern is TCA-
deproteinated fraction 15 (30 min) of the 10 tiM selenite perfusion vascular
effluent.52
Fig. 11-10 to 11-14. Concentration and time dependence of selenocompounds
from selenite metabolism.Each value is the mean ± SD of duplicate
chromatography of samples from different preparations.Protein-bound Se was
measured before chromatography of TCA-deproteinated supernatants. The amount
of selenite-metabolites in 1 ml of vascular effluent was normalized to 6 ml /2 min
of fraction. For luminal Se concenmtration of 1, 10, 50, 100 and 200 /AM are
presented in graphs, II-10, II-11, 11-12, 11-13, and 11-14, respectively.180
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Fig. 11-15. The percentage of selenocompounds present at 30 min (Fraction
15) for varied luminal selenite concentrations.20
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Fig. 11-16. Effects of concentrationon the metabolism of selenite. Individual
values represent the means ± SD of thesum of selenocompounds in the 30 min
vascular perfusate fraction.1.50
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Fig. II-17. The effect of selenite concentration on production of protein-bound
Se and selenotrisulfide (S-Se-S) present in the 30 min vascular perfusate
fraction. Protein bound S-Se-S was determined by the release of Se from protein
binding by the addition of (3-mercaptoethanol.61
Fig. II-18-A, B. The dose-response curves for selenite transport. The rate of
Se transport into the vascular effluent was measured at 4 min. The dose-response
curve of selenite transport presented as nmoles/hr (Fig.II-18-A) was transformed
to percentage of luminal selenite (Fig. II-18-B). Each point is mean ± SD for
triplicate preparations. In Fig. II-18-B, there is no evidence of a negative slope.20
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Fig. II-19-A, B. The dose-response curve for selenite transport into the
vascular perfusate. The total Se transported after 1 hr perfusionwas expressed
as nmoles/hr (Fig. II-19-A) and transformed as percentage of luminal selenite (Fig.
II-19-B). In Fig. II-19-B, the slope of the line is zero.2000
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Fig. 11-20-A, B.The dose-response curve for selenite retained by small
intestine. Twice-washed intestine with 0.9% saline was dried at 100° C, and its
Se content was expressed as nmoles/hr (Fig. II-20-A), and percentage of luminal
selenite (Fig. II-20-B). In Fig. II-20-B, the slop of the line is negative.250
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Fig. II-21-A, B. The dose-response curve for selenite uptake from luminal
perfusate.Selenite uptake from luminal perfusate indicates the sum of Se
transported into the luminal perfusate and Se retained by small intestine. Data is
expressed as nmoles/hr (Fig. II-21-A) and transformed to percentage of luminal
selenite (Fig. II-2I-B).2000
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Chapter HI.Acute Toxicity, Metabolism and Absorption of Selenite by
Isolated Rat Hepatocytes
Abstract
The uptake mechanism of selenite by isolated rat hepatocytes was investigated
to study the metabolism of subtoxic levels of this element. The LD50 value of
selenite was about 500 AM.Release of lactic dehydrogenase (LDH) and
volatilization of "Se was compared with cell viability as determined by trypan blue
exclusion.The activity of LDH in the medium increased with selenite
concentration. The percentage of 'Se volatilized by hepatocytes exposed to 100
and 200 ptIVI selenite dropped after 2 hr incubation, indicating limited ability for
methylation of Se.
Protein-bound Se was the predominant chemical form (80- 90% of the
cellular Se) after 1 hr incubation with 2, 10 and 50 AM selenite. The protein-
bound Se increased linearly with Se concentration with only a slight increase of
cellular free selenite.Subcellular fractionation indicated that most of the
radioactivity was present in the cytosol when hepatocytes were incubated for 1 min
with 'Se-selenite. The least amount was with the microsomes.
The uptake of 'Se in 1 min by isolated rat hepatocytes was linear with
selenite concentration up to the highest amount tested, 200 AM. This indicates that74
saturation had not occurred in 1 min with these levels of selenite. Sulfite inhibited
the uptake of selenite by hepatocytes.75
Introduction
Liver and erythrocytes are the major site of selenite metabolism (Beilstein
and Whanger, 1986a,b). The liver is the principal organ for converting Se to
other forms, for synthesis of excretory metabolites (Ganther et al., 1966; Dip lock
et al., 1973) and for synthesis of several selenoproteins, including glutathione
peroxidase (Rotrucks et al., 1973; Oh et al,. 1974). Consistent with this, Kato et
al. (1992) recently reported that the metabolic fate of selenite was determined by
the liver when rats were given 'Se-selenite by stomach tube.
Several investigators have examined the mechanisms responsible for selenite
absorption by intestine, using both in vivo and in vitro systems (McConnell and
Cho, 1965; Arduser et al., 1985; Anundi et al., 1984). However, the mechanism
of absorption of selenite by intestine is not clear, but evidence indicate cellular
and\ or intracellular glutathione and cysteine are involved in this process( Wurmli
et al., 1989; Senn et al., 1992). The reductive metabolism of selenite by isolated
rat hepatocytes was reported to result in cellular lysis by depletion of glutathione
levels (Anundi et al., 1982).In addition, Hogberg and Kristoferson (1979)
indicated that the metabolism of selenite inhibited the uptake of certain amino acids
in isolated hepatocytes. The toxic effects of selenite may involve the formation
of selenotrisulfides in the active sites of enzymes (Frenkel and Falvey, 1988, 1989;
Islam et al., 1991).76
In spite of the demonstration of selenite as both a toxic element and an
essential nutrient, the mechanism of uptake by isolated rat hepatocytes has not
been studied.In fact no studies on the uptake of selenite by hepatocytes are
available. In the present study, the uptake mechanism of required to subtoxic levels
of selenite by isolated rat hepatocytes was investigated.Materials and Methods
Hepatocytes isolation.
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Wean ling male Sprague-Dawley rats purchased from Bantin & Kingman, Inc.
(Fremont, CA) were used in all experiments and were kept in a temperature-
controlled(22°C)room with12hr light-dark cycle. Primary hepatocytes were
isolated from the liver of a175to225g rat by a slight modification of the method
of Hogberg and Kristoferson(1977).The liver was cannulated, surgically
removed, and perfused (30 ml/min) with a Hanks-bicarbonate buffer containing 0.6
mM EGTA. After 3 min the perfusate was replaced with a Hanks-bicarbonate
buffer containing 3.0 mM Ca2÷ and collagenase (15,000 units) for an additional
9min. The softened liver was removed from the collagenase, the capsule gently
disrupted with forceps, and cells were dispersed by gentle agitation in medium.
Parenchymal cells were washed with medium(25ml), and counted, and tested for
viability. Viability of hepatocytes was greater than95% as determined by trypan
blue exclusion. Hepatocytes were incubated in 18 ml medium at 2 x 106 /ml in
all experiments.78
Acute toxicity of selenite on isolated hepatocytes.
The UN) value for selenite was determined by cell viability in the presence
of different concentrations of selenite.Release of LDH was compared with
determination of cell viability by trypan blue uptake.Selenite was added at
concentrations of 0, 0.2, 0.5, 1.0, 2.0, 5.0 mM. After 1 hr incubation, duplicate
samples (0.25 ml) of cell suspension were mixed with 0.25 ml of 0.14% trypan
blue, 2.0% bovine serum albumin in saline and counted with a hematocytometer.
Two 1-mm2 areas were counted per sample. LDH activity was determined
according to Fariss et al. (1985). One ml of the cell suspension were centrifuged
(750 x g, for 10 min) to determine LDH activity leakage into the medium (Fariss
et al., 1985). The supernatant of 100 Al was added to 1 ml containing 0.9 ml of
LDH-L reagent. The oxidation of NADH was measured at 340 nm with a DU-64
spectrophotometer (Beckman).
Incubation with "Se-selenite and subcellular distribution of "Se
The method was based on a report by Schmitt et al. (1983) with slight
modifications.All experiments used the same hepatocyte incubation system.
Hepatocytes of 2 x 106 /ml and "Se of 0.5 to 1.0 nCi /ml was added to 18 ml
Fisher's medium at 37°C in a shaking water bath (60 oscillations/min under 95%79
02 and 5% CO2). Polystyrene tubes connected with inlet and outlet Tygon tubing
were used for incubation and 95% 02 : 5 % CO2 was passed above the incubation
mixture surface.Hepatocytes were added to 50-m1 acid-washed glass and
preincubated for 10 min in shaking water bath to allow for final temperature
equilibration. Triplicate or quadriplicate aliqouts of 1-ml cell suspensions removed
at various time was immediately centrifuged for 2 min in Eppendolf Cetnrifuge.
After washing two times with PBS buffer, the final pellets were suspended in 1
ml of 0.1% sodium dodecyl sulfate (SDS) in 0.9% saline and counted by a
Beckman Gamma 8000 gamma counter. The protein content of each pellet was
determined by the method of Lowry et al. (1951), using bovine serum albumin as
the standard.
Sodium selenite at 10 or 100 AM was added to the cell suspension to measure
the subcellular distribution of "Se. Cell samples were removed and immediately
centrifuged for 2 minutes in an Effendorf Centrifuge. The pellet was resuspended
in 3 mL 0.25 M sucrose and homogenized with a motor-driven (1,000 rpm) Sorval
homogenizer. Fractionation was carried out at 0°C by centrifugation as follows:
1) nuclei fraction (pellet from 31 x g for 10 min), 2) membrane and mitochondrial
fraction ( pellet from 1,475 x g for 10 min), 3) microsomal fraction (pellet from
48,000 x g for 60 min), and 4) cytosolic fraction (48,000 x g supernatant).
Radioactivity of all fractions was counted to determine the amount and percentage
distribution of total selenite.80
Effects of sulfite on selenite uptake by hepatocytes
Sodium sulfite of 0, 10, 50, 100, 200 /AM was added to the cell suspension
containing 50 AM sodium selenite. The value of EC (effective concentration)50
were calculated which indicates the concentration of sulfite required to inhibit the
uptake of 50 % of the selenite. Aliquots of 1 ml-cell suspensions were removed
at various times during the 90 min incubation.
Volatilization of 'Se-selenite by hepatocytes
The disappearance of 'Se from the incubation medium was taken as a
measure of volatilized Se. Levels of Se as sodium selenite of 0, 20, 40, 100, 200
AM was added to the incubation. Samples of 1 ml-cell suspension were removed
(quadriplicate samples) at 5 different times over 90 min incubation, and counted
for 'Se.
Detection of metabolites from selenite
Isolated hepatocytes were incubated in Fisher's medium containing 5% horse
serum for 1 hr. Se as sodium selenite at 2.0, 10 and 100 AM were added to the81
cell suspension. Triplicate aliquots of 2 mL cell suspension were removed and
centrifuged at 80 x g for 10 min. The pellets were washed twice with sodium
phosphate buffer (pH 7.6) and resuspended in 1 ml 0.1% SDS containing 0.1 mM
EDTA for 10 min at room temperature. Trichloroacetic acid (TCA) was added
to a final concentration of 5 % to precipitate the protein from the pellet dissolved
in 0.1% SDS. The protein was obtained by centrifugation for 20 min at 3,200 x
g.Nonprotein-bound radiolabel was determined as the portion of total 'Se
remaining in the supernatant. The radioactivity of each supernatant and precipitate
was counted for 5 min in the gamma counter.Metabolites from selenite were
investigated in nonprotein fraction which remained in solution after centrifugation.
After the sample was eluted through a 0.22 ILM filter, chemical forms of Se were
determined with an amino acid analysis column (Beilstein et al., 1991; Deagen et
al., 1991). Column elutant was collected in 80 1.0 min fractions of approximately
0.6 ml.
Acid hydrolysis of Se-bound protein
The protein precipitated by TCA was hydrolyzed and chromatographed on a
Dionex DC6A amino acid analysis column.The protein preparations were
hydrolyzed with 6N HC1 containing 1 mM of reduced glutathione.This was
sealed in glass ampoules under a nitrogen atmosphere at reduced pressure after82
repeated evacuation and flushing with nitrogen. The ampoules were heated to
110°C for 22 hours. After opening the ampoules, the HCl was evaporated from
the hydrolysates under reduced pressure with slight heating ( < 50°C).The
hydrolysates were redissolved in 1 ml of 1.0 N sodium citrate buffer, pH 2.2.
Afterfilteringthrough a 0.22 pm filter,the hydrolyzed samples were
chromatographed on a amino acid analysis column. Column elutant was collected
in 80 1.0 min fractions, and "Se was determined in the fractions with a gamma
counter.The elution positions of "Se were compared to that of 'Se-labeled
standards. Standard "Se-labeled selenotrisulfides of glutathione and cysteine were
prepared by combining 'Se-selenite with sulfhydryl compounds at a 2:1
stoichiometry of sulfhydryl to selenite. These standards were diluted in 5 % TCA
and chromatographed for comparison with TCA supernatants of hydrolysate
fraction.
Some "Se peak fractions were rechromatographed after addition of 0.1 mM
2-3i-mercaptoethanol 0-ME) to determine whether this changed the elution patterns
of radioactivity. This was done to confirm the identity of the compounds. (3-ME
will alter the elution pattern of the selenotrisulfide of cysteine but not that for
SeMET. Since these two compounds elute at similar positions, it is important to
confirm their identity.Results
Acute toxicity of selenite
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The LD50 value and LDH leakage of isolated rat hepatocytes incubated with
selenite were determined (Fig. III-1). This data were used as a basis for dosage
levels in vitro absorption and metabolism study. The studies were conducted to
identify maximum dose levels that would not show toxic effects. In this study, the
LD50 value for sodium selenite was determined by cell viability after 1 hr
incubation, and was found to be approximately 500 ktM (Fig. III-1). Treatment
with 1.0, 2.0, 5.0 mM selenite resulted in lethality values of 29%, 24%, 21%
survival compared to controls. Cells exposed to 200 AM selenite did not show any
decreased survival over this period of time.
LDH activity was measured before and after exposure to selenite. LDH
activity of hepatocytes not exposed to selenite increased by about 3% after 1 hr
incubation. Exposure of hepatocytes to 0.2 and 0.5 mM selenite increased LDH
activity by 6 and 30% respectively. In contrast, exposure to high concentrations
of selenite resulted in 65- 70% increase of LDHactivity. Therefore, leakage of
LDH from hepatocytes is dependent on concentration of selenite.84
Volatilization of "Se-selenite by hepatocytes
Fig. III-2 shows the disappearance of 'Se from the incubation mixture when
hepatocytes were incubated with 20, 40, 100 and 200 /WI selenite. Hepatocytes
exposed to 20 and 40 t13.4 selenite volatilized about 13% and 17 % selenite
respectively by 90 min.This was followed by slight decreases at 120 min of
incubation. In contrast, volatilization of 'Se was less in those exposed to 100 and
200 /AM selenite than those incubated with 40 AM, and there was a significant drop
at 120 minutes of incubation which remained at this level during the rest of
incubation.About 7 and 9 % of the selenite was converted to volatile forms
respectively when hepatocytes were incubated with 100 and 200 AM.
Incorporation of Se from selenite into protein
There was a linear increase of both free and protein-bound Se when
hepatocytes were incubated for 1 hr with 2, 10 and 50 iiM selenite (Fig. 111-3).
Free selenite and protein-bound Se were identified as the intracellular chemical
forms of hepatocytes.Protein-bound Se was the predominant chemical form
(about 80 to 90 % of the intracellular Se) at all concentrations.85
The presence of selenotrisulfide bonds in Se-containing proteins was identified
by addition of 0.1 M (3-ME. Experiments were conducted in an effort to identify
the form of Se present in protein-bound Se. Fig. III-4 shows the elution patterns
of selenite, selenotrisulfide of cysteine and selenodimercaptoethanol. These were
used to identify the selenocompounds in hepatocytes incubated with selenite.
When acid hydrolysates of Se-bound protein preparations were chromatographed,
a single peak of 'Se eluted between 42 to 50 min (Fig. 111-5). Further work on
the identification of the form of Se in the peak "Se fractions was obtained by
treatment with #-ME. When this peak was treated with 13 -ME, the elution was
shifted from 40 to 50 minutes to 60 to 70 minutes (Fig. III- 6). This is identical
to the elution position of ME-Se-ME, and indicates the presence of selenotrisulfide
of cysteine (CYS-Se-CYS) in hepatocytes incubated with selenite.
Subcellular distribution of 75Se in isolated hepatocytes
The subcellular distribution of "Se in hepatocytes after incubation with 10 and
100 tiM is shown in Table 1.After a 1 min incubation period, approximately 5
to 7% of medium selenite was transported into the cells. From 57 to 63% of total
'Se taken up by the cells was found in the cytosolic fraction when 10 or 100 AM
of selenite were added. There was 19 to 27% in the nuclear fractions. Relatively
small percentages of accumulated Se were within the microsomal (about 6%) and86
the membrane and mitochondrial (10%) fractions. The subcellular distribution of
'Se showed no difference at different medium concentration of selenite except the
slight decreased percentage in the nuclear fraction with 100 AM selenite.This
subcellular distribution of "Se in hepatocytes was used to assess the transport of
selenite into the cells.
Time dependence of 'Se uptake
The uptake of 'Se as a function of incubation time is shown in Fig. 111-7.
At a relatively low concentrations of 20 or 40 ptM, the uptake of "Se reached a
steady-state in about 100 min. This steady-state continued for the remaining 4 hrs
of incubation with slight decreases of intracellular level of 'Se. At higher selenite
concentrations of 100 or 200 AM, a plateau was reached after 150 min incubation.
Concentration dependence of "Se uptake
There were statisticallysignificant (p < 0.0001,r2 = 0.97) linear
correlations between "Se accumulation and medium selenite of 2 to 200 AM (Fig.
111-8). Thus, initial rates of selenite accumulation showed a linear dependence on
medium selenite concentration and higher levels must be used to find a saturation
level.87
Effects of sulfite on 'Se uptake
Since they are chemically similar, it was of interest to determine the effects
of sulfite on selenite uptake. Levels of 0, 10, 50, 100, and 200 AM sulfite were
added to the incubation medium containing 50 AM sodium selenite (Fig. III-9).
A plateau was reached after 60 min incubation when hepatocytes were exposed to
50 AM selenite with no or 10 pM sulfite.However, steady-state was delayed
when 50, 100 or 200 AM sulfite were added.Presumably, sulfite delayed the
plateau until after 90 minutes. Using this information, EC50 was measured at pre-
steady state (initial rate) and steady-state uptake of controls (Fig. III-10). At initial
rate conditions, EC50 of sulfite inhibition on selenite uptake by hepatocytes was
approximately 50 AM but approximately 150 AM was calculated as EC50 at the
steady-state of "Se uptake. As a result, EC50 of sulfite inhibition of "Se uptake
at steady state was three times higher than at initial rate conditions.88
Discussion
Acute selenite toxicity and volatilization of 75Se by isolated rat hepatocytes
In these studies, toxicity of selenite to isolated rat hepatocytes was evaluated
by LD50 and LDH leakage. The data showed that the LD50 value for selenite for
hepatocytes was about 500 AM in which LDH leakage into medium was increased
by about 30 %.
The LD5c, value of selenite from the present data was much higher as
compared to data from Bell et al. (1991) where 25 ttM selenite reduced cell
viability by 43 %.The main reasons for this difference may be because of
differences in medium content and incubation time. In the present experiment,
incubation time was shorter and there was no serum in the medium. However,
hepatocytes showed high tolerance for selenite because activity of LDH in medium
was increased only 6% after 1 hr incubation and there was no significant
difference (p < 0.05) of cell viability between control and hepatocytes exposed
to 200 /AM selenite.It has been reported by Gruenwedel and Cruishank (1979)
that HeLa cells incubated with 25 AM selenite caused an inhibition of DNA and
RNA synthesis, but a concentration higher than 100 ,uM was necessary to induce
lysis.Thus, their results with these cells are in more agreement with the LD50
value from the present results.In work by Anundi et al. (1982) hepatocytes89
exposed to 250 /2M selenite did not increased cell membrane permeability until 1.5
hr of incubation and cellular lysis did notoccur.Thus, it is reasonable to
speculate that LD50 of selenite for isolated rat hepatocytes is in the concentration
range of 400 to 600 gM for 1 hr exposure.
The data showed that cell viability with selenite concentrations above the L1350
(1, 2, 5 mM) was relatively constant at about 25 to 30% of the control value.
This may be because of the selective high resistance against selenite toxicity.
Volatilization of 'Se by hepatocytes was studied to determine whether methylation
of selenite is related to resistance to toxicity at high selenite concentration. The
toxicological implications of the methylation pathway have been studied in mice
by Hoffman (1977) who found that depletion of methyl donors could help to
explain the liver toxicity. In our study, the 75Se volatilized by hepatocytes exposed
to 100 and 200 AM selenite stopped after 2 hr incubation (Fig. II-2), but not for
hepatocytes exposed to 20 and 40 ILM. This might be due to depletion of methyl
donors for methylation with selenite metabolism in the concentration range of 100
to 200 AM. Thus, it is assumed that the methylation pathway allows compounds
like selenite to be metabolized to relatively nontoxic methyl selenide and high
dosages of selenite are toxic because methyl donors are depleted with levels from
100 to 200 AM selenite of 2 hr incubation. Small bleb covering the hepatocytes
cell surface are the result of selenite toxicosis (Alundi et al., 1982).90
Metabolism of selenite by hepatocytes.
The results from studies of isolated rat hepatocytes indicate that protein-bound
Se was the predominant form ranging from 80 to 90% of the intracellular Se.
The amount of protein-bound Se increased with the medium selenite concentration
whereas the intracellular free selenite increased only slightly.
The liver is the principal site of Se metabolism, synthesis of excretory
metabolites(Gantheretal.,1966;Diplock etal.,1973),andseveral
selenoproteins, including glutathione peroxidase (Rotrucks et al., 1973; Oh et al.,
1973).SeCYS is the chemical form of Se in animals (Stadtman, 1985).
Metabolism of SeCYS is not clearly understood, but the predominant form of Se
retained in liver is SeCYS when selenite is the major source of Se in animal diets
(Hawkes et al. 1985; Beilstein and Whager, 1988). However, no evidence was
found for the presence of SeCYS when hepatocytes were incubated with selenite.
Instead, selenotrisulfides of cysteine appeared to be the major form in protein-
bound Se. The occurrence of selenotrisulfides in protein-bound Se was comfirmed
by adding (3-ME which replaces Se of selenotrisulfides.This is consistent with
other work using different systems. Many studies have reported that enzyme
inhibition by selenite results from interaction with the SH group of cysteine
residues (Frenkel and Falveys, 1989; Islam et al., 1991). This is assumed to be
due to the bindings of selenite as selenosulfides to SH groups.Ganther and91
Cocoran (1969) described the most probable reaction of selenite with sulfhydryl
groups of protein to form selenotrisulfide. The route for selenite reaction with
glutathione to form GS-Se-SG is the most clearly understood metabolic pathway
for Se (Ganther, 1967). Hepatocytes showed a much higher metabolism of selenite
(about 80 to 90% of the intracellular Se) as compared to the metabolism of selenite
by perfused rat intestine (10 to 42%). This comparison may suggest a central role
for the liver in selenite metabolism. This is supported by the study of Kato et al.
(1992), indicating that the initial metabolic fate of selenite was influenced by the
liver.When rats were given 'Se-selenite by stomach tube, they reported that
extraction of absorbed Se by the liver is much greater than extraction by other
organs.
Uptake, accumulation and inhibition of 75Se by hepatocytes
Selenite uptake was measured as closely as possible to the initial uptake
conditions (1 min), where linear transport was observed. The 1 minute uptake of
selenite by hepatocytes showed a linear dependence on selenite concentration in the
medium.
In spite of the importance of the liver in Se metabolism, there has been no
work on selenite uptake by hepatocytes. Studies have focused on intestinal uptake
mechanisms in vitro and in vivo, resulting in variable results. In our experiments,92
hepatic selenite uptakewas found to be dependent on passive diffusion because
initial rates of selenite uptake showeda linear dependence on medium selenite
concentration (Fig. 111-8). This is consistent with in vitro studies using intestinal
brush border membrane vesicles of chicks (Mykkanen et al. 1989), and everted gut
sacs of hamsters and rats (McConnell et al., 1965; Arduser et al., 1985).
Mykkannen and Wassermen (1989) reported that uptake of selenite is
correlated with binding of selenite by brush border membrane of chick duodenum.
This was explained by the covalent bonding between selenite and membrane-bound
SH groups. Wolffram et al. (1986) indicated that extensive binding of 'Se from
selenite occurs in isolated intestinal brush border membrane. It appears that the
binding of selenite to components of the cell plays an important role in selenite
uptake and accumulation.In the present work, the chemical form of Se was
analyzed to determine whether selenite is bound by the intracellular protein or free
in the intracellular space. Protein-bound Sewas the predominant chemical form
(80 to 90% of the intracellular Se) at all concentrations. The binding of selenite
to cellular protein is critical to maintain a concentration gradient for the uptake of
selenite by hepatocytes. This is demonstrated by the small increase of intracellular
free selenite relative to the large increase of protein-bound Se with increased
medium Se concentration.Subcellular distribution of 'Se in isolated rat
hepatocytes was investigated, and over 90% of total 'Se taken up in 1 min
incubation was identified in fractions not associated with membranes.Thus,93
selenite is rapidly taken up and accumulationoccurs mainly by binding to the
intracellular protein.
Yamamoto and Segal (1966) demonstrated that sulfate strongly suppressed
selenate accumulation by Penicillium chrysogenum from the medium. McConnell
and Cho (1967) reported that methionine and SeMET compete for transport in the
hamster small intestine.Thus, there is a sulfur-Se antagonism or competition for
a site or carrier in transport at the cell membrane. Our data showed that sulfite
suppressed selenite uptake by hepatocytes with almost 1 to 1 molar ratio (EC50 =
50 AM sulfite when 50 AM selenite added).This is presumably due to the
chemical resemblance of selenite and sulfite, sharing the same passive diffusion
system. Although the chemistry of Se resembles that of sulfur in several respects,
these elements have important biochemical differences; selenite is a weak oxidizing
agent while sulfite is a weak reducing agent.The following reaction can be
considered:
H2SeO3 + 3H2S03 > 112Se. + 3H2SO4
It is considered that the reduction of selenite to hydrogen selenide in the
extracellular medium might result in the nonenzymatic reactions with methyl
donors or sulfhydryl groups in medium, causing the inhibition of selenite uptake
from medium. Hogberg and Kristoferson (1979) reported that selenite readily94
reacts with thiols outside the hepatocytes. The EC" of sulfite for steady-state
inhibition of selenite uptake by hepatocytes was three times higher (approximately
150 I.LM sulfite) than for inhibition of initial uptake. This is because of the delayed
steady-state of selenite uptake by hepatocytes exposed to higher concentrations than
50 /AM sulfite. This delayed uptake of selenite by sulfite could be explained by
affects on the concentration gradient inside hepatocytes, or by reaction between the
two elements outside hepatocytes to produce complexes which bind to other
compounds of the medium. However, further work is needed to identify chemical
forms of Se when sulfite is added to the medium containing selenite.
In summary, isolated rat hepatocytes showed high tolerance for selenite; LD"
at one hour exposed to selenite was approximately 500 AM. Selenite was rapidly
taken up via passive diffusion, and accumulated mainly by binding to protein
(over 90% of the intracellular Se) once inside the cell. The presence of Se in the
hepatocytes appears to be as selenotrisulfide of cysteine.Se binding to protein
might be critical in maintaining a concentration gradient.Initial selenite uptake
and accumulation was suppressed by sulfite.95
Fractions % uptaken of "Se in 1 min
(10 pcM) (100 AM)
Nuclear* 27.3± 4.219.4± 2.3
Cytosolic 57.6± 4.863.6± 2.8
Microsomal 5.4± 1.16.1± 1.7
Membrane and
Mitochondria 9.8± 1.410.7± 2.1
Table III-1. The subcellular distribution of "Se in hepatocytes. Hepatocytes
were incubated with 10 or 100 AM selenite for 1 min. Values represent the mean
± standard deviation (SD) for triplicate preparations. Radioactivity of all fractions
was counted to determine the amount and percentage distribution of total selenite.
* : significant (p < 0.05).100
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Fig. HI-1. The effect of selenite on viability and LDH leakage of hepatocytes.
Duplicate samples of cell supensionwere mixed with 0.14% trypan blue and
counted with a hemocytometer.97
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Fig. III-3. Metabolism of selenite by hepatocytes. Isolated rat hepatocyteswere
incubated in Fisher's medium containing 5% horseserum for 1 hr with 2, 10, 100
/21V1 selenite. Values are mean ± SD of duplicate samples.99
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Fig. III-5. Chromatography of acid hydrolysates of 'Se-labeled protein from
hepatocytes. Column elutant was collected in 80 1.0 min fractions, and "Se was
determined in the fractions with a gamma counter.500
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Fig. III-6. Rechromatography of the 'Se peak fraction. 'Se peak fractionat
elution time of 47 min from Fig. III-5was rechromatographed after addition of (3-
merchaptoethanol.102
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Fig. III-7. Time dependence of "Se-seleniteuptake by hepatocytes.
Each point is mean ± SD for qaudriplicatepreparations.5
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Fig. 111-8. Concentration dependence of "Se uptake by hepatocytes.Each
point is mean ± SD for quadriplicate samples. Therewere statistically significant
(p < 0.0001, r2 = 0.97) linear correlations between 'Se accumulation and
medium selenite concenration.10
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Fig. The effects of sulfite on 'Se-selenite uptake. Data points represent
the mean ± SD of quadriplicate preparations.100
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Fig. 111-10. EC50 of sulfite on inhibition of selenite uptake. EC50 of sulfite was
measured using imformation from Fig. 111-9.EC50 at initial rate and at steady-
state uptake of controls were compared.106
Chapter IV.Conclusions
The investigation of the metabolism and absorption of selenite in perfused
small intestine of the rat and isolated rat hepatocyte were reported in Chapters II
and HI. Subtoxic levels of selenite were used in both systems to evaluate the toxic
effects of selenite. Both systems showed a high tolerance to selenite toxicity: ECK,
was approximately 1.2 mM selenite for 3MG inhibition of intestinal transport, and
the LDK, was approximately 500 AM selenite on hepatocytes.
The chemical forms present in vascular perfusate after selenite perfusion were
selenite, selenodiglutathione, mixed selenotrisulfide of glutathione and cysteine,
and selenodicysteine. Selenite was the predominant selenocompound (5590%)
found in vascular perfusate, whereas protein-bound Se (1025%) was the
predominant metabolite from selenite.However, protein-bound Se was the
predominant form (80 90% of the cellular Se) in hepatocytes. Free selenite was
about 10% of the cellular Se in isolated rat hepatocytes. This comparision may
suggest a central role for the liver in selenite metabolism. This is supported by
the study of Kato et al. (1992), indicating that the initial metabolic fate of selenite
was influence by the liver.When rats were given 'Se-selenite by stomach tube,
they reported that extraction of absorbed Se by the liver is much greater than
extraction by other organs.Another reason for this difference of selenite
metabolism by these systems may be because of the number of compartments107
between the two systems; three compartments in perfused rat small intestines but
two compartments in isolatedrat hepatocyte.The different systems of
compartmentalization of Se may affect the accumulation rate of selenite, resulting
in the different metabolic rate of selenite by cellular components. In the perfused
intestinal system, the metabolism of selenitewas saturable, indicating a limited
capacity of intestines for metabolism of selenite.It seems that because of
saturation much of selenite passed through the intestine unchanged and appeared
in the vascular perfusate as intact selenite. In contrast, the extracellular selenite
of hepatocyte may not enter the cell when there is no concentration gradient of
selenite between the cells and media. As a result, it is expected that all selenite
in the cells would be metabolized with timeonce it accumulated inside the cell.
The uptake of selenite by both systems was investigated.Dose-response
curves of Se transport, retention and uptake in perfused rat intestine indicate that
selenite is absorbed by nonmediated passive diffusion. However, the percentage
of Se retained by the intestine show a slight dependence on the luminal selenite
concentration. Our data (Fig. 11-16) show that metabolism of selenite-derived Se
is saturable. This limit of selenite metabolismmay result in the saturation of Se
retention in the intestine. Thus, the slight decrease could be the result of depletion
of the intracellular sulfhydryl groups and glutathione. In addition, hepatic selenite
accumulation was also found to be dependent on passive diffusion (Fig. 111-8).
Thus, it is concluded that selenite is absorbed by passive diffusion in both system,108
however, selenite metabolismmay affect itsabsorption by maintaining a
concentration gradient of selenite in the intestine.109
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